It is important to control the degradation rate of a tissue-engineered scaffold so that the scaffold will degrade in an appropriate matching rate as the tissue cells grow in. A set of potential tissue engineering scaffolds with controllable rates of degradation were fabricated from blends of two biocompatible, biodegradable L-tyrosine-based polyurethanes (PEG 1000 -HDI-DTH and PCL 1250 -HDI-DTH) using the electrospinning process. The scaffolds were characterized by mat morphology, fiber diameter, diameter distribution, pore size, and hydrolytic degradation behavior. The majority of the scaffolds, despite having radically different chemical compositions, possessed no statistical difference with pore sizes and fiber diameters. The degradation pattern observed indicated that scaffolds consisting of a greater mass percentage of PEG 1000 -HDI-DTH decayed to a greater extent than those containing higher concentrations of PCL 1250 -HDI-DTH. The degradation rates of the electrospun scaffolds were much higher than those of the thin cast films with same compositions. These patterns were consistent through all blends. The work demonstrates one practical method of controlling the degradation of biopolymer scaffolds without significantly affecting an intended morphology.
Introduction
Biomaterials are a class of materials that interact in a desirable way with their intended living hosts. The source of such materials spans both naturally occurring and synthetic means of acquisition and each material, whether native or synthetic, presents its own set of challenges and benefits. Substances such as silk, collagen, metals, ceramics, and polymers, have all been used to solve a problem requiring a biomaterial solution. The two major concerns when choosing or designing a biomaterial for any specific application are: how the material functions in the body and how the body reacts to the presence and function of the material.
Native materials, such as collagen, are advantageous in that the living host (i.e., human) has an evolutionary means of handling and eventually disposing of the substance through hydrolytic, oxidative, and enzymatic means. Additionally, the body is able to recognize the substance as "friendly" and limit the immune response. The frequent disadvantage is that collagen by itself, for example, is often unsuited for the mechanical stresses placed on the material for many applications [1] . Polymers present an interesting alternative solution to the aforementioned problems. Synthetic polymers possess the useful property of relative ease in functional changes. Molecular number (Mn), functional ligands, and even backbone properties can be manipulated through purely chemical means. An increase in Mn often corresponds with increased mechanical strength [2] while the proper chemical structure allows for increased biocompatibility [3] . Additionally, manipulation of the final product often requires much more mild fabrication conditions as compared to other substances such as metals and ceramics [4, 5] .
Utilizing the appropriate biomaterial to solve a problem concerning the function of the body is one part of the expanding field of tissue engineering. A biomaterial device, fabricated in a specific manner and possibly treated after fabrication, ideally facilitates the growth or recovery of 2 ISRN Nanotechnology a desirable type of tissue in the host body upon implantation or application. One such device is referred to as a tissue engineering scaffold (TES). A TES is a porous biocompatible material that serves two functions: (1) provide necessary mechanical support and/or a protective barrier to a wounded area and (2) facilitates accelerated recovery by acting as an extracellular matrix (ECM) mimic [6] . The latter would, in theory, allow the body to bypass the time-consuming process of forming the rough collagen and fibronectin scaffold that eventually becomes the repaired extracellular matrix of the healed wound [7] . Generally, three fabrication methods have been employed to create such a structure: phase inversion, particulate leaching, and electrospinning.
Phase inversion is a process by which a solvent to the polymer and a nonsolvent to both the polymer and its solvent (often volatile) are combined together under agitation. After mixing, the environmental variables are changed such that both solvents are removed, leaving a porous polymer scaffold with thin walls separating the pores [8, 9] . This method produces a great number of interconnected pores, but precise control is limited and pore size varies greatly. Particulate leaching, on the other hand, produces pores of uniform size, but with minimal guarantee of interconnectivity. Particulate leaching is accomplished by dissolving the polymer in a volatile organic solvent and thoroughly mixing an insoluble particulate (e.g., sodium chloride) into the solution. The solution/solid mixture is then dried and, afterwards, soaked/washed with a solvent for the solid (e.g., water) [10, 11] . The third fabrication method is electrospinning. A polymer solution in volatile solvent is passed through a metal needle that is attached to a high voltage DC source. The stream becomes charged and a jet of quickly drying polymer solution is ejected from the needle tip. The jet passes through a linear ejection regime and then into a chaotic one where the stream is randomly tossed about before landing on a grounded stage as a nano-to microscale dry polymer fiber [12] . Electrospun fibers mimic the structures of the natural ECM morphologically and possess large surface-area-tovolume ratio and high porosity with interconnected pores, making them promising candidates as tissue engineering scaffolds.
This work sets out to fabricate tissue engineering scaffolds, using the electrospinning method, that are capable of controlled degradation in the body. The concept behind this is to allow for yet another variable to customize when attempting to design an ideal scaffold. It is important to control the degradation rate of a tissue-engineered scaffold so that the scaffold will degrade in an appropriate matching rate as the tissue cells grow in.
Two pseudo-polypeptide polyurethanes, or L-tyrosinebased polyurethanes, utilizing differing polyols and similar hard segments/chain extenders, were chosen to fabricate the scaffolds. The more hydrophilic (and thus faster degrading) polyurethane was synthesized from soft segment of poly(ethylene glycol) (PEG), a linear six-carbon diisocyanate hard segment of hexamethylene diisocyanate (HDI), and a L-tyrosine-based chain extender desaminotyrosine tyrosyl hexyl ester (DTH) [13] . This polymer is denoted as PEG 1000 -HDI-DTH. The second, more hydrophobic (and thus slower degrading) polyurethane was synthesized from soft segment of poly(caprolactone) (PCL), the same diisocyanate hard segment of HDI, and the same L-tyrosine-based chainextender DTH [13] . This polymer is denoted as PCL 1250 -HDI-DTH. The diisocyanate HDI and the amino-acid-based chain extender DTH were chosen to maintain biocompatibility of the polymers. Both polymers were synthesized via twostep condensation polymerization and characterized afterwards. The two polymers were homogeneously combined in different ratios, fabricated into fibrous scaffolds using the electrospinning process, and the final products were subjected to hydrolytic degradation testing.
Materials and Methods
2.1. Materials. Thionyl chloride, n-hexanol, tetrahydrofuran, N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC-HCl), poly(ethylene glycol) (Mn = 1,000) (PEG 1000 ), 1,6-hexamethylene diisocyanate (HDI), and tin(II) ethylhexanoate were purchased from Sigma-Aldrich in purities of ≥98%. Crystalline L-tyrosine (99%) was purchased from Acros Organics. Anhydrous diethyl ether, sodium carbonate, dichloromethane, and sodium chloride were obtained from Fisher Scientific. Anhydrous, aminefree dimethylformamide (DMF), and 3-(4-hydroxyphenyl)propionic acid were purchased from Alfa Aesar. Anhydrous magnesium sulfate was purchased from EMD Chemicals. Poly(caprolactone) diol (Mn = 1,250) (PCL 1250 ) was obtained from Polysciences. 1,1,1,3,3,3-hexafluoro-2propanol (HFIP) was purchased from Matrix Scientific. DMF was treated with drying agent (CaH 2 ) before use. Ltyrosine, PEG 1000 , and PCL 1250 were dried at room temperature under vacuum for 24 hours prior to reaction. All other reagents were used as provided.
Synthesis of the Polyurethanes.
The two polyurethanes, PEG 1000 -HDI-DTH and PCL 1250 -HDI-DTH, were synthesized using a procedure similar to those reported in literature [13] [14] [15] [16] . The synthesis primarily involves two steps: (1) synthesis of the chain extender DTH by a carbodiimidemediated condensation reaction [13] and (2) synthesis of the polyurethane by condensation polymerization with PEG or PCL as the macrodiol, HDI as the diisocyanate, and DTH as the chain extender. Briefly, the mixture of macrodiol and HDI (1 : 2 molar) in dried DMF was stirred for 3 h at 85 • C to form prepolymer (PCL 1250 -HDI or PEG 1000 -HDI). At this stage, the literature procedure dictated a temperature of 110 • C. In order to reduce the chance of side reactions [17] , a reaction temperature of 85 • C was substituted in our work. Subsequently, the prepolymer was cooled down to room temperature and DTH (1 : 1 molar ratio of macrodiol : DTH) was added to the solution and reacted for 20 h at 80 • C under stirring. The completed, washed polymers were dried in vacuum oven under 40 • C for 24 hours prior to any characterization and application. Structures of PCL 1250 -HDI-DTH and PEG 1000 -HDI-DTH are shown in Figure 1 .
Next, the purified bulk L-tyrosine polyurethanes were characterized by means of Fourier-transform infrared spectroscopy, thermogravimetric analysis, and differential scanning calorimetry.
Fourier-Transform Infrared Spectroscopy (FTIR).
FTIR was used to determine the presence of specific functional groups and, in doing so, aid in elucidation of the structure of the bulk polymer. A Thermo Nicolet 380 Spectrometer was used to analyze a thin (<1 mm) HFIP (solvent-) cast film of both polymers. Analysis was conducted in atmosphere. Background and specimen scans consisted of 32 consecutive rescans per acquisition.
Thermogravimetric Analysis (TGA). A TA Instruments
Thermo-Gravimetric Analyzer 2950 with platinum dishes was used for the TGA characterization. Approximately, 7 mg of pure polyurethane sample was used per run. Samples were heated from room temperature to 600 • C in an N 2 environment at a heating rate of 20 • C/min.
Differential Scanning Calorimetry (DSC).
A TA Instruments Differential Scanning Calorimeter 2920 was used to analyze the pure PCL 1250 -HDI-DTH and PEG 1000 -HDI-DTH samples. Approximately, 5 mg of pure polymer was placed into aluminum pan and hermetically sealed. The DSC was run from −100 • C to 250 • C using liquid N 2 as the cold source and electric heating as the heat source at a heating rate of 10 • C/min. Aluminum pan was used as the standard.
Blend Preparation.
Five sample solutions were prepared, denoted as Blend 1 through Blend 5, in accordance to the mass ratios presented in Table 1 . Note that the Blends 1 and 5 are not truly blends, but rather pure polymers used for comparison. The blends were prepared by dry mixing the solid polymers in the appropriate ratios and then dissolving them in the common solvent HFIP. Once the solution reaches the tip, the strong electrostatic force causes a nano-to-microscale jet of solution to be ejected and travel rapidly through the air to the electrically grounded stage (collection plate). Ideally, the jet, due to high surface area, loses the majority of the often volatile solvent and a solid thread of polymer lands on the plate. These randomly deposited threads build up and eventually form a porous fiber mat which is, in this case, referred to as a tissue engineering scaffold. All five blends of the polyurethanes were fabricated into tissue engineering scaffolds in this manner. In order to reduce the number of potential variables, a uniform set of electrospinning parameters were employed. In all cases, a polymer solution concentration of 20% (w/v), tip-to-collector distance of 17 cm, voltage of 25 kV, and solution flow rate of 20 μL/min were used. The completed scaffolds were then morphologically characterized with the aid of scanning electron microscopy, task-appropriate measurement software, and a statistical analysis software suite. 
Scanning Electron Microscopy (SEM
where m 1 and m 2 are the dry mass of the sample before and after the hydrolytic degradation, respectively. For comparison, cast thin films of each blend were also hydrolytically degraded in a similar manner. Thin film samples of each blend were cast from 10 wt% polymer solutions in HFIP in PTFE dishes, dried for 24 hours in atmosphere, vacuum-dried for an additional 24 hours at room temperature, punched into 8 mm circular discs, and immediately used for the degradation experiments.
Statistical Analysis. Analysis of variance (ANOVA) and
Tukey's multiple comparison tests were performed on the data from fiber diameter, pore size, and hydrolytic degradation results, using the Minitab 15 Statistical Software suite. A confidence interval of 95% was chosen and P < 0.05 represented the statistically significant difference.
Results and Discussion
3.1. Fourier-Transform Infrared Spectroscopy. Two polyurethanes, PCL 1250 -HDI-DTH and PEG 1000 -HDI-DTH, were synthesized by condensation polymerization and characterized by FTIR. Figure 3 shows the stacked FTIR spectra of both polymers. The most striking feature is that, despite behaving very differently under degradation conditions as discussed later, they are chemically very similar. Given the structure of the polymers, this should not be a surprise as the only major difference occurs in the polyol soft segment. The hard isocyanate segment and the DTH chain extender segment are identical. The relevant peaks of PCL 1250 -HDI-DTH and PEG 1000 -HDI-DTH are briefly discussed here. The first spectrographic peak occurs around 3300 cm −1 . This is very likely the hydrogen bonding stretch from N-H. It usually has a much broader base, however the sharpened peak observed here in both samples can be explained by the hindered hydrogen bonding [18] . The next two peaks occur around 2950 cm −1 and 2850 cm −1 and are easily explained as asymmetric and symmetric stretching of CH 2 , respectively. The peak at 1730 cm −1 represents the urethane carbonyl, which is heavily marked in the PCL 1250 -HDI-DTH sample as PCL contains much more carbonyl groups than PEG. The peak near 1600 cm −1 likely represents the presence of an aromatic group. Given that the only way an aromatic would be present is if the only aromatic containing compound, DTH, was successfully incorporated into the polymer, this strongly suggests that the three major components of the polymer were successfully reacted. The peak near 1200 cm −1 is an alkyl C-N stretch. Finally, the peak near 1100 cm −1 represents the alkyl ether linkages which are much more plentiful in PEG 1000 -HDI-DTH as PEG contains numerous such bonds. Using these peaks as a basis, the FT-IR results support the presented molecular structure of the two L-tyrosine-based polyurethanes.
Thermogravimetric Analysis.
The TGA thermograms of two pure polymers are shown in Figure 4 . Results indicate a degradation temperature of approximately 300 • C for both polyurethanes, consistent with the previous literature work [14] . A decomposition temperature near 300 • C allows for a large thermal processing range of these materials especially considering the designed application targets the body, which rarely sees local temperatures greater than 40 • C. and endothermic peaks appear. These peaks likely denote the melting points of the polyurethanes. This behavior, in combination with the TGA results, suggests that both PEG 1000 -HDI-DTH and PCL 1250 -HDI-DTH are thermally stable.
Fibrous Scaffold
Morphology. The electrospinning process was employed to fabricate fibrous tissue engineering scaffolds from blended solutions of two L-tyrosine based polyurethanes (PCL 1250 -HDI-DTH and PEG 1000 -HDI-DTH) in volatile solvent HFIP. The ratios used for each blend are shown in Table 1 . All blends were spun under the same conditions and device settings to study the composition effect and reduce as many other variables as possible. Macroscopically, the scaffolds all appeared chalk-white, smooth, and elastic, resembling elastic pieces of copy paper. SEM images of all five scaffold samples are shown in Figure 6 . All five blended scaffolds had major similarities and some differences.
The fibers from Blend 1 (100% PEG 1000 -HDI-DTH) possessed a heavily webbed structure with significant nodal fusion ( Figure 6(a) ). The fibers were uniform in appearance and, upon high-resolution SEM inspection, appeared to have a relatively smooth surface. One potential cause of the webbed structure was the presence of relatively excessive solvent in the spinning solution. Although all blends were spun at the same mass/volume concentration, hydrophilic nature of the soft segment PEG may slow down the evaporation rate of solvent, causing "wet" fibers stuck and fused together. Blend 1 fibers also possessed the most uniform pore shape among five blends, very likely due to the seemingly ordered "branch and stem" fiber structure.
Unlike those from Blend 1, scaffolds of Blend 2 (67% PEG 1000 -HDI-DTH, 33% PCL 1250 -HDI-DTH) appeared as a more traditional, long, mostly unbranched fiber mat with minimal fusing and no visible nodal formation ( Figure 6(b) ). A small amount of secondary low-diameter fibers were observed in this sample. Fiber surface appeared visually homogenous.
Blend 3 (50% PEG 1000 -HDI-DTH, 50% PCL 1250 -HDI-DTH) appeared as mat of long, moderately branched fibers with minimal axial node formation ( Figure 6(c) ). The secondary small-diameter fibers observed in Blend 2 were also present in this blend.
Blend 4 (33% PEG 1000 -HDI-DTH, 67% PCL 1250 -HDI-DTH) possessed large primary fibers with noticeable branching ( Figure 6(d) ). Like previous blends, small, secondary fibers were present in this sample. Unlike previous blends, however, the fibers exhibited considerably more "looping" of the individual strands.
Blend 5 (100% PCL 1250 -HDI-DTH) appeared as the most uniform of the five samples with long, homogenous fibers, minor fiber fusing, minimal branching, no observed node formation, and a marked absence of the web-like secondary fibers present in Blends 2, 3, and 4 ( Figure 6(e) ). Table 1 lists the results of the fiber diameter and distribution analysis performed on the scaffolds of five blends. The full distribution is presented in Figure 7 . Generally, the fiber diameter was between 1.2 μm and 2.2 μm across all blends. Blend 1, 100% PEG 1000 -HDI-DTH, possessed the statistically significant smallest mean diameter at 1193 ± 227 nm while Blend 2 (67% PEG 1000 -HDI-DTH, 33% PCL 1250 -HDI-DTH) possessed the largest at 2205 ± 940 nm. The mean fiber diameters of Blends 2, 3, 4, and 5 were not statistically different from one another. Fiber diameters for pure polyurethanes (Blends 1 and 5) appeared more uniform compared to those for the mixed polymers, as evidenced by the smaller standard deviations ( Table 1) . Due to the differing electrohydrodynamic behavior of the individual, chemically different polymers, the uniformly blended or pure solutions may allow for more regular spinning. The fiber diameters obtained in our work were well within the accepted general range of what can be considered for a well-formed tissue engineering scaffold. Mean diameter measurement alone is insufficient to judge the quality of a fiber scaffold. A diameter distribution is necessary to provide more insight into overall properties of the electrospun fiber mat. A Gaussian distribution has been shown as a desirable trait for a tissue engineering scaffold [6] , and thus it will be the approximate standard by which to judge the qualitative properties of the distribution. From Figure 7 , it can be seen that the fiber diameter distributions for Blends 1 and 2 fit the rough shape of a bell curve, that is, the mean, mode, and median occur near the same value. Blends 3 and 4 seem to be skewed toward the lower diameters. Blend 5 appears to possess minor bimodal behavior. Given the standard deviation, it is reasonable to believe that the 2200 nm bin may be anomalous for the chosen samples.
Fiber Diameter.
3.6. Pore Size. In addition to the fiber diameter, it is necessary for a tissue engineering scaffold to also mimic the pore size of the native ECM in order to facilitate cellular growth and proliferation [19] . The average diameter of human cells differs greatly throughout the body and thus it is necessary to match the pore size of a tissue engineering scaffold to the desired tissue/cell type [6] . Table 2 lists the average pore sizes of the blended Ltyrosine polyurethane scaffolds produced in this work. Blend 1 possessed the smallest equivalent diameter at 4.9 ± 1.7 μm. Pore size of Blend 1 was also statistically smaller than that of the other four blends which averaged 9.6 μm. The equivalent pore diameters of Blends 2, 3, 4, and 5 were unable to be counted as statistically different from each other. From the possess equivalent pore sizes in the range of 5 μm to 11 μm. The scaffolds should perform optimally in facilitating the growth and proliferation of human fibroblasts, for which the optimum range of pore size is 5-15 μm [6] . Considering the thin nature of the electrospun mats, our scaffolds can be potentially used for the skin tissue engineering applications.
Hydrolytic Degradation.
Two parallel hydrolytic degradation studies were performed: one on the electrospun scaffolds fabricated from each of the blended polyurethanes and the other on the thin films of each blended polymers. The parallel studies allow for accurate comparison between the structures (film and scaffold) without introducing additional variables from dissimilar stock polyurethanes. Specifically, the two studies allow observation of the effect of the increased surface area of the electrospun fibers relative to the solid thin film with respect to the hydrolytic degradation. The results of the hydrolytic degradation performed on the fibrous electrospun scaffolds of the polymer blends are presented in Figure 8 (a). The results clearly show that the polymer blends containing a higher percentage of PEG 1000 -HDI-DTH degraded to a greater extent than those containing more PCL 1250 -HDI-DTH over the same period of time. Overall, electrospun scaffolds of polyurethane blends degraded (i.e., lost mass), in order of decreasing PEG 1000 -HDI-DTH content, by 34.6 ± 1.4% (Blend 1), 25.9 ± 0.9% (Blend 2), 21.3 ± 1.9% (Blend 3), 15.9 ± 0.3% (Blend 4), and 9.2 ± 0.3% (Blend 5), over a 60-day hydrolytic degradation.
Solvent-cast thin films fabricated from the same blended L-tyrosine polyurethanes as the electrospun scaffolds were also subjected to hydrolytic degradation testing. The results of the experiments are shown in Figure 8(b) . Much like the electrospun scaffolds, the blend films containing a higher percentage of PEG 1000 -HDI-DTH degraded to a greater extent than their high PCL 1250 -HDI-DTH counterparts. This trend is consistent with the previous literature results [14, 16] and persists through all blend comparisons. The final values of mass loss for thin films after 35 days were 16.6 ± 1.0% ISRN Nanotechnology It should be noted that, despite following the same pattern of PEG 1000 -HDI-DTH allowing for greater degradation, the electrospun scaffolds lost much more mass (as a percentage) than thin films over the same period of time. The difference in overall mass loss between the two forms (thin film and electrospun) at the 35-day mark can be seen in Table 3 . Overall, the fiber form of the polymer blends lost >76% more mass percentage than their thin film counterparts. This is very likely due to the vastly increased surface area and porous structure generated by the electrospinning process through the formation of a multitude of nano-and microscale fibers composing the mat. The value of these results is that they demonstrate that it is possible to fabricate tissue engineering scaffolds capable of degrading in a predictable way by simply altering the blend composition of two similar polymers. And often unspoken, yet majorly important characteristic of a biomaterial, especially a potentially implantable one, is how the material is handled by the body after the device has served its purpose. These results show that it is possible to modify L-tyrosine based polyurethanes in such a way that the degradation rate of the bulk material can be controlled, allowing yet another parameter for application-specific customization of a biomaterial. It should be noted that the degradation trials here were strictly hydrolytic. Other methods of decay, most notably enzymatic and oxidative means, will very likely affect and accelerate the process [20] .
Conclusions
Two similar L-tyrosine-based polyurethanes were blended in the desired ratios, electrospun into morphologically acceptable fibrous scaffolds, characterized, and subjected to the hydrolytic degradation testing. Consistent with the hypothesis, the scaffolds containing a higher percentage of the less-resilient PEG 1000 -HDI-DTH degraded to a greater extent than those containing a lower percentage of the polymer (or a higher percentage of PCL 1250 -HDI-DTH). The trend of "increased PEG 1000 -HDI-DTH content yielding increased degree of degradation" held throughout all blends and configurations (electrospun scaffold and thin film). Furthermore, degradation of the electrospun scaffolds was faster than thin films with the same polymer compositions. While degradation results were notably different between blends, pore size and fiber diameter were not statistically distinct from one another across all blends. This suggests that the degradability of these scaffolds can be controlled without significantly affecting all morphological properties.
